Satellite attitude is usually controlled by plume exhaust from thrusters into the vacuum of space. To study the plume effects in the highly rarefied region, the Direct Simulation Monte Carlo (DSMC) method is usually used, because the plume flow field contains the entire range of flow regime from the near-continuum near the nozzle exit through the transitional state to free molecular state at the far field region from the nozzle. The purpose of this study is to investigate the behavior of a small monopropellant thruster plume in the vacuum region numerically by using the DSMC method. To obtain more accurate results, the preconditioned Navier-Stokes algorithm is introduced to calculate continuum flow fields inside the thruster to predict nozzle exit properties, which are used for inlet conditions of DSMC method. As a result, the plume characteristics in the highly rarefied flow, such as strong nonequilibrium near nozzle exit, large back flow region, etc., are investigated. 
Introduction
Satellite attitude is usually controlled by plume exhaust from thrusters into the vacuum of space. Undesirable interactions between the plume and satellite surfaces may cause adverse effects, such as disturbance force/torque affecting the satellite attitude, thermal loads, and contamination of sensitive surfaces. Since these events reduce satellite performance, accurate predictions are very important at the design process. 1) However, ground-based research on the interaction between exhaust plume and satellite components is complex, and expensive because it is difficult to maintain high vacuum and adjust facilities to reproduce real operating conditions. Therefore, numerical analysis is needed to study plume impingement on satellite surfaces. Among such numerical schemes, the Direct Simulation Monte Carlo (DSMC) method is usually used because the exhausted plume flow field is usually composed of the entire range of flow regime from the near-continuum near the nozzle exit through the transitional state to the free molecular sate at far field region from the nozzle.
2) Thus, the combined NavierStokes (N-S) and DSMC approach is often used to obtain physically reliable solutions for the plume flows. [3] [4] [5] Chung et al. 3) used the N-S method to compute the flow in the subsonic region of a low density nozzle and the DSMC code was taken for its supersonic portion, respectively. Ó 2009 The Japan Society for Aeronautical and Space Sciences Vashchenkov et al. 4) studied the plume backflow phenomenon for various shapes of a supersonic nozzle with a low Reynolds number and concluded that use of the combined N-S/DSMC approach is essentially important to simulate flow in a rarefied environment. In addition, Yang 5) investigated the effect of thruster plume impingement on the satellite using the collisionless DSMC method for simplicity in conjunction with N-S method. Here, the internal flow in a nozzle is assumed to be laminar, and the turbulence effect is ignored.
The purpose of this study is to investigate numerically the effects of a monopropellant thruster plume with a relatively high Reynolds number by using the DSMC method. To do this, it is very important to consider the boundary layer effects near the nozzle walls which cause a sudden backflow expansion of the exhausted plume gas around the nozzle lip. Otherwise, the plume analysis will yield incorrect predictions inevitably due to inaccurate inlet conditions of the DSMC method when the continuum approach does not correctly analyze the physical properties of the whole nozzle flow inside the incompressible and compressible regions together. To deduce accurate flow properties more efficiently rather than the general continuum approach used previously, the preconditioned Navier-Stokes algorithm 6) is introduced newly to calculate continuum flow fields inside thruster to predict nozzle exit properties used for inlet conditions of the DSMC method. The advantage of using this method to analyze flow properties inside the thruster is that it can handle both incompressible flow in the chamber region with a high stagnation pressure and a stagnation temperature condition, and the compressible flow in the supersonic zone of the diverging nozzle region together. Also, this algorithm often guarantees a fast convergence of the numerical solutions with a very low residual value. 7) Thus, more realistic inlet solutions can be obtained efficiently from whole nozzle flow simulation in the plume analysis.
This paper considers the exhaust plume behavior of a supersonic monopropellant thruster with a relatively high Reynolds number. The highly rarefied (i.e. vacuum condition) flow characteristics of the plume, such as strong nonequilibrium near the nozzle exit, large back flow region, etc., are investigated by combining the preconditioned N-S and the DSMC methods.
Description of Numerical Methods

Preconditioned Navier-Stokes algorithm
To consider the continuum flow inside a nozzle, the preconditioned N-S algorithm is used. Generally, the numerical algorithm for compressible flow is solved by the density based method in Eq. (1). Here, Q means the primitive variable, E and F are the inviscid flux variables while E v and F v are the viscous flux in the z and the r direction each. H is the axisymmetric value and becomes zero when the problem is two dimensional.
Usually, this density based algorithm yields good results for high Reynolds problems. However, the density in the incompressible flow remains as a constant parameter and its value in Eq. (1) does not change any more with time variation. As a result, it can cause a singularity solution, and can not be applied to the ideal gas law. 7) Finally, it becomes to be hard to obtain a sufficient convergence of the numerical residual which is crucial to get more accurate solutions. This kind of problem usually appears when applied to a locally incompressible area with no-slip wall effect in the boundary layer. Moreover, the compressible flow generally has a hyperbolic characteristic and its solution is obtained using the time marching method with initial condition. As the time step for iteration is generated by the maximum eigenvalue, thus it is impossible to get the solution before the minimum eigenvalue information is delivered to the end of computational domain. Although the difference between maximum and minimum eigenvalue in the compressible flow is small, it can become very large in the incompressible flow. Consequently, the necessary time for a calculation to reach the steady state becomes longer when a density based scheme is applied to incompressible flow. To overcome such problems, the preconditioning technique is employed by adding a pressure derivation term with an artificial compressible value in the con- 
Â ¼ min½a; maxðV; V free Â 0:5Þ 2 tinuity equation. 8) By doing this, the density can be obtained with a pressure in the continuity equation and a temperature in the energy equation. Due to this advantage, the preconditioned N-S method is necessary to handle the present thruster nozzle flow involving incompressible flow in the chamber region and compressible flow in the supersonic zone of the diverging nozzle region together with a sufficiently low residual value for numerical solutions. By applying the preconditioning technique to Eq. (1), the final governing equations for the two dimensional axisymmetric nozzle flows can be rewritten in Eq. (2) using the chain rule as follows. 9) Here, V free is the free stream velocity and is needed to prevent a singularity near the stagnation region, and & p is a parameter that makes the preconditioned scheme solved at any speed regime. If Eq. (2) is applied to a supersonic regime where the velocity of a grid point is higher than the speed of sound a, then Â is redefined simply as the square of a, and finally & p has the 1=RT term only. As a result, & p in the matrix À can be restored to the original density variable, & which is one of the primitive variables in the matrix Q of Eq. (1) by multiplication with the pressure variable, P in the matrix Q v as defined in the first term of Eq. (2). Consequently, Eq. (2) becomes identical to Eq. (1) when applied to a supersonic regime as a numerical solution.
10) Also, thermal conductivity, viscosity and diffusion coefficient are calculated by the Chapman-Enskog treatment in following Eqs. (3) to (5) where is the thermal viscosity, ! is the conductivity, and D jk is the diffusion coefficient.
The mixture diffusion coefficient is defined by Wilke's mixing rule.
11)
The heat capacity and the enthalpy of species are based on polynomials of temperature.
12)
Obtaining a solution by inversing the whole matrix in Eq. (2) is quite cumbersome, since it takes a longer computation time with increasing number of chemical species. Instead, to solve the equations more efficiently and faster, Eq. (2) is divided into three parts: N-S equation, turbulent model, and reaction model. Then each equation is solved separately using the implicit method. In addition, the present precondition N-S algorithm is solved numerically by the finite volume method (FVM). Each grid point (center of cell) has surface vector information to use the normal velocity value in the mass flux prediction as shown in Fig. 1 . Here, the dotted lines indicate the connecting line between the grid points, while the solid lines mean the cell faces in the control volume. Also, _ m m implies the mass flux towards $ and direction at the cell face. I and J are the index for the grid location.
Following the FVM approach, Eq. (2) is integrated over each grid cell in Fig. 1 , and then Eq. (9) is discretized into the algebraic equation form in Eq. (10) . Here, A, B, C, D and E are the flux jacobians, and R indicates the residual term. 
Direct Simulation Monte Carlo method
The DSMC method, originally developed by Bird 2) in 1960s, is one of the most practical techniques for solving the nonlinear Boltzmann equation. The DSMC method is effective for modeling rarefied gas flows in which the mean free path of a molecule is of the same order (or greater) than a representative physical length scale (i.e. the Knudsen number, Kn is greater than 1) as shown Fig. 2 . In general, the DSMC method uses a statistical method in which the number of representative particles is traced in space and time. Using the simulated particles, the DSMC method samples the time evolution of the distribution function of a given system, and then the properties are computed in the form of averages over the samples obtained. The simulation domain is discretized into cells for purposes of collision sampling and calculation of mean flow properties. Time is also discretized into small steps. During each time step, a finite number of simulated particles travel in the computational domain. Some particles hit a surface and are reflected according to the selected surface model. Or they collide with each other under the assumption that particle movement and collision phases can be decoupled. At the end of the time step, particle-particle collisions are sampled. Several models have been proposed to determine the collision frequency and the distribution of the velocities after collisions. 2, 13) Currently, the DSMC method has been applied to various fluid problems from spacecraft re-entry aerodynamics to modeling micro-electro-mechanical systems. The present study uses the two dimensional axisymmetric DSMC code based on the fully unstructured triangular grid system to simulate the expanding low thrust plume into a vacuum region. The simulated particles are traced by consecutively finding the crossing points between the particle trajectory and the faces of computational cells.
14)
The variable hard sphere (VHS) model 2) is used as the intermolecular-collision model and the no-time counter (NTC) method 2) is used as the collision sampling technique. The Larsen-Borgnakke model 15) is employed to redistribute the translational and the internal energy exchange between the colliding molecules. Because the overall plume temperature far from the nozzle exit is not so high, only the rotational mode is considered while the chemical reaction and vibrational mode excitation are neglected because the chemical reaction and vibrational energy became frozen just beyond the nozzle throat.
16)
Numerical Results and Discussion
Validation of numerical codes
To validate the present codes, measured data in the continuum and the rarefied regimes obtained from different experiments are compared with numerical results for each method. First, a numerical simulation of a JPL nozzle flow is performed using the present precondition N-S algorithm and the grid configuration is given in Fig. 3(a) .
As shown in Fig. 3(b) , the numerical estimates of the wall pressure distribution in the transonic region obtained using the present precondition N-S algorithm are quite well matched with measured data within the maximum 10.3% deviation at x=R ¼ 0:0 and the minimum 0.1% at x=R ¼ À0:28 when compared with Cuffel's experiment. 17) Moreover, Fig. 3(c) shows the residual levels of the numerical solutions when the preconditioned scheme is either used or not. Due to the incompressible flow in the combustor area, a non-preconditioned scheme yields a very slow convergence while a preconditioned scheme shows more rapid convergence because it can solve the nozzle flow without a singularity solution in the incompressible area.
Next, Rothe's experiment on a low-density supersonic nozzle flow with nitrogen 18) is considered to validate two dimensional axisymmetric DSMC code used in the present study. Figure 4(a) shows the geometry of the nozzle used in the experiment and the numerical analysis. The gas density variations along the centerline of the nozzle obtained by the DSMC method are compared with the experimental data, and show good agreement with Rothe's measured data within the maximum 10.1% deviation at x=R t ¼ 18:7 and the minimum 1.3% deviation at x=R t ¼ 3:7 as presented in Fig. 4(b) . 
Combined analysis of thruster plume
This study considers a 5N grade monopropellant hydrazine thruster with an expansion ratio of 50:1 in Fig. 5 . Thrust is provided by the catalytic decomposition of hydrazine (N 2 H 4 ) by iridium catalyst. The combustion products consist of three main species, H 2 , N 2 , and NH 3 . The flow inside the nozzle is assumed to be a mixture of perfect gases, so the conditions of the product gases are determined simply by the overall decomposition reaction process of Eqs. (12) and (13), where f stands for the extent of ammonia dissociation. 19 )
In the first step, the grid independence is checked by doubling the number of grid points such as 61 Â 41 and 121 Â 121 to verify the spatial accuracy of the N-S solution. This showed that the nozzle exit distributions of the density and Fig. 7(a) is used for the N-S method. Unlike Fig. 6 describing typical plume flow regimes of a thruster expanding into a vacuum with a backflow region adjacent to the nozzle lip, it is observed that plume velocity streamlines exhaust into outside without a backflow in Fig. 7(b) although the outside nozzle is assumed to be at a low pressure condition of 0.1 atm. Moreover, an undesirable Mach disk is observed at a downstream of the exhaust plume far from the nozzle exit in Fig. 7(c) . Actually, a Mach disk occurs when a flow exhausts at supersonic speeds with a lower exit pressure than the ambient pressure outside the nozzle. When the ambient pressure reaches the vacuum condition (i.e. zero back pressure), the plume exit pressure is always higher than the zero vacuum pressure condition. Also, the plume flow will expand into vacuum rapidly without sufficient molecular collisions because the mean free path between the plume molecules becomes longer in a free Thus, it is not physically reliable that such a Mach disk is formed at a downstream of the exhausted plume far from the nozzle exit in a real vacuum condition, especially for a low thrust plume. 20) This is because that even a small amount of ambient pressure higher than the zero-back pressure condition should be specified inevitably as the boundary condition when using the N-S method. Otherwise, a singular solution is obtained, and thus N-S method can not calculate further solutions stably due to the zero-time derivation terms relative to the pressure in Eqs. (1) or (2) . Thus, it is widely known that using the N-S equation for the continuum flow is an adequate and effective method, but it is not unreasonable when computing high-rarefied gas flows due to its inherent non-physical features. 21) In addition, due to this arbitrary back pressure, no plume backflow is seen clearly near the nozzle lip from the density profiles in Fig. 7(d) . Instead, it is observed that an expanded plume density near the nozzle exit is compressed rapidly, causing density to increase by 70 times higher, and expands again as the plume diffuses far from the nozzle exit. Thus, accurate plume prediction is very important for such satellite design because it causes some adverse effects as disturbance force/torque on the satellite attitude, thermal loads, and contamination of sensitive surfaces. To do this, the DSMC is well known as a proper method for rarefied flows but it requires too much time consumption to calculate the continuum region rather than N-S method. Consequently, for an efficient plume analysis in the present work, a combined approach is incorporated to perform a detail analysis of small thruster plume behaviors in the highly rarefied region by using the DSMC method and the preconditioned N-S algorithm for solving the flow properties at the nozzle exit which are directly utilized for inlet conditions of the DSMC method.
Detail configuration of the calculation domain and the boundary conditions applied for present thruster plume analysis using the DSMC method are illustrated in Fig. 8 . To observe plume expansion phenomena by rarefaction effect in a vacuum region widely, the size of calculation domain is 5 m in the forward axial direction and 3 m in the radial direction. Also, the 1 m backward axial region is set to investigate the plume backflow generated from the boundary layer effect adjacent to the nozzle lip. Initially, the calculation domain is assumed to be a vacuum, and the center of the nozzle exit plane where the plume flow comes from continuum region inside the nozzle is located at the point (0,0). The axisymmetry condition is applied on the boundary R ¼ 0 axis while vacuum conditions are used for other boundaries. The vacuum region consists of total 4184 nodes and 8052 cells with triangular grids. Almost 267,000 particles are generated when the steady state converged solution is achieved. During DSMC calculation, the plume flowfield is sampled every 30 time steps for 10,000 iterations. In addition, Fig. 9 presents the necessary nozzle exit properties such as number density, temperature and velocity profiles obtained by the precondition N-S algorithm when the stagnation pressure and the stagnation temperature in the nozzle chamber are initially assumed to be 9.8 bar and 975 K with Re ¼ 5:1 Â 10 4 at the nozzle exit. Detail grid shapes near the nozzle flow inlet consist of two areas: a nozzle inside area with 61 Â 41 ¼ 2501 cells, and a plume flow area adjacent to outside the nozzle exit zone with dense distributions of small grids as seen in Fig. 10(a) . Using the nozzle flow data in Fig. 9 , the velocity streamlines and density in the back region of the exhausted plume flow are calculated by the DSMC method in Figs. 10(b) and 10(c). It is clearly observed that only the flow emanating from the near-wall part of the boundary layer and turning at an angle greater than 90 enters the backflow region, which is hardly predicted by the N-S method in Fig. 7(b) . The density decreases by four orders of magnitude as the streamline inclination increases in the backflow region. This backflow is caused mainly by fast radial expansion of the boundary layer flow near the nozzle lip when it suddenly enters into the vacuum region. Also, the plume density Unlike temperature results generally predicted in the continuum region, a large temperature difference is observed between the translational and the rotational temperatures. This is due to the rapid expansion of the flow, which causes the fact that the rotational temperature does not have sufficient time to trace the fast variation of the translational temperature. Thus, stratification of these temperatures causes thermal nonequilibrium in internal energy, and this typically occurrs in a highly rarefied flow. Moreover, this temperature difference is clearly observed around the nozzle lip because the rotational temperature becomes almost frozen while the translation temperature expands rapidly into vacuum around the lip corner. Consequently, it can be found that the translational temperature drops faster than the rotational temperature along the nozzle center axis. Finally, the number density distributions of three exhaust gas species, H 2 , N 2 , and NH 3 , are presented in Fig. 11 . The different distributions of plume compositions indicate that species separation occurs due to nonequilibrium between gas species caused by sudden expansion into the rarefied region, which is an unrealistic phenomenon in a continuum condition. In addition, H 2 is distributed more widely than N 2 , and NH 3 molecules, especially in the backflow region because the molecular mass of H 2 is lighter than other molecules. Consequently, the light H 2 molecules remarkably separate from the main stream and expand diffusely throughout the flow domain, while the heavy N 2 molecules reside in the main flow. For NH 3 , its distribution is inherently negligible compared with other two molecules because the initial amount in the exhaust mixture is very small.
Conclusions
This study numerically investigated the plume behavior of a small thruster for satellite attitude control in a highly rarefied condition. In this problem, it is very important to consider the boundary layer effects near nozzle walls, which cause a sudden backflow of the exhausted plume gas around the nozzle lip. When the plume flow is predicted in a highly rarefied region by a traditional continuum method, nonphysical phenomena such as a Mach disk can form at a downstream of exhausted plume far from the nozzle exit or no backflow occurs in a real vacuum, especially for a low thrust plume. Thus, the DSMC method is usually used as a proper method for rarefied flows but it requires too much time when used in the continuum region rather than traditional N-S equation. For efficiency, a combined approach was incorporated to perform detailed analysis of small thruster plume behavior in a highly rarefied region by using the DSMC method and the precondition N-S algorithm for solving the flow properties at the nozzle exit which are directly utilized for inlet conditions of the DSMC method. As a result, the plume characteristics in the highly rarefied flow, such as a thermal nonequilibrium of internal energy near the nozzle exit and large back flow region, species separations are predicted successfully.
Further studies will investigate details of plume effects for Korean currently developing satellites using present combined schemes in three dimensional domains. 
